Autophagy dysfunction is a potential toxic effect of nanoparticles. Previous studies have indicated that silica nanoparticles (SiNPs) induce macroautophagy/autophagy dysfunction, while the precise mechanisms remain uncertain. Hence, the present study investigated the molecular mechanisms by which SiNPs enhanced autophagosome synthesis, which then contributed to autophagy dysfunction. First, the effects of SiNPs on autophagy and autophagic flux were verified using transmission electron microscopy, laser scanning confocal microscopy, and western blot assays. Then, the activation of endoplasmic reticular (ER) stress was validated to be through the EIF2AK3 and ATF6 UPR pathways but not the ERN1-XBP1 pathway, along with the upregulation of downstream ATF4 and DDIT3. Thereafter, the ER stress inhibitor 4-phenylbutyrate (4-PBA) was used to verify that SiNP-induced autophagy could be influenced by ER stress. Furthermore, specialized lentiviral shRNA were employed to determine that autophagy was induced via specific activation of the EIF2AK3 and ATF6 UPR pathways. Finally, the 2 autophagic genes LC3B and ATG12 were found to be transcriptionally upregulated by downstream ATF4 and DDIT3 in ER stress, which contributed to the SiNP-enhanced autophagosome synthesis. Taken together, these data suggest that SiNPs induced autophagosome accumulation via the activation of the EIF2AK3 and ATF6 UPR pathways in hepatocytes, which offers a new insight into detailed molecular mechanisms underlying SiNP-induced autophagy dysfunction, and specifically how UPR pathways regulate key autophagic genes. This work provides novel evidence for the study of toxic effects and risk assessment of SiNPs.
Introduction
Autophagy refers to an intracellular degradation process of macromolecules and organelles, and it is critical to maintain cellular homeostasis. Macroautophagy/autophagy induction is widespread in nanoparticle-induced biological responses [1] . Plenty of nanoparticles have been reported to induce autophagy, such as quantum dots [2] , silver nanoparticles (AgNPs) [3] , gold nanoparticles [4] , silica nanoparticles [5] , rare earth oxides [6] , and polystyrene particles [7] . In addition, some nanoparticles were found to cause autophagy dysfunction. For instance, carbon-based nanostructures were reported to inhibit autophagic flux in human umbilical vein endothelial cells (HUVECs) [8] , while AgNPs were able to cause defective autophagy and lysosomal dysfunction [9, 10] . Furthermore, Stern's group proposed that autophagy dysfunction was a potential toxic effect of nanoparticles [1] . Autophagy dysfunction could be caused by excessive autophagy induction and blockage of autophagosome degradation, leading to cytotoxicity, inflammation, cancer-related signaling pathways, and even cell death [11] [12] [13] . Thus, autophagy dysfunction could result in certain diseases, such as cancer, metabolic disorders, inflammation, infections, and neurodegenerative diseases [14] .
Silica nanoparticles (SiNPs) are one of the most widely used engineered nanomaterials. SiNPs with favorable properties (biocompatibility and biodegradability) have been widely exploited in the cosmetics, food, and pharmaceutical industries and in the biomedical fields [15] [16] [17] [18] . With the widespread prevalence of SiNPs, potential dermal, oral, or intranasal exposure chances have increased. The associated concerns with regard to human health and the environment are the main driving forces for the toxicological investigation of SiNPs. Therefore, it is necessary to study the detailed toxic mechanisms of SiNPs, which helps with their risk assessment and safety evaluation.
SiNPs have been shown to induce autophagy in various cell lines, such as HCT-116 human colon cancer cells, HepG2 human hepatoma cells, HUVECs, and RAW 264.7 murine macrophage cells [3, [19] [20] [21] . Moreover, our group and others have also reported that SiNPs induce autophagy dysfunction via lysosomal impairment and inhibition of autophagosome degradation [5, 22] . Based on the aforementioned clues, we speculated that SiNPinduced autophagy dysfunction occurs via 2 mechanisms: first, through autophagy induction and enhanced autophagosome synthesis, and second, by autophagic degradation blockage.
However, their exact mechanisms have been poorly understood. In the present study, we mainly focused on investigating the mechanisms through which SiNPs induced autophagy activation and enhanced autophagosome synthesis.
Endoplasmic reticulum (ER) stress is a kind of sensitive cellular stress that can be induced by external or internal factors, such as metabolic disturbances, inflammation, and oxidative stress [23] . Oxidative stress is the main toxic paradigm of most nanoparticles [24] . SiNPs are reported to stimulate reactive oxygen species (ROS) generation in vivo and in vitro [25] [26] [27] [28] . ROS could cause oxidative stress, ER stress, inflammation, and consequent damage to proteins and subcellular organelles [29, 30] . Oxidative stress and ER stress are interconnected, and oxidative stress usually induces ER stress [31] . When ER stress occurs, a well-orchestrated signaling network called the unfolded protein response (UPR) is activated [32] . The UPR is regulated by 3 ER unique sensors: EIF2AK3 (eukaryotic translation initiation factor 2 alpha kinase 3), ATF6 (activating transcription factor 6), and ERN1/IRE1 (endoplasmic reticulum to nucleus signaling 1). All 3 of these pathways activate distinct transcription factors: EIF2AK3 pathway activates ATF4 (activating transcription factor 4) and DDIT3 (DNA damage inducible transcript 3), ATF6 pathway activates DDIT3, and ERN1/IRE1pathway activates spliced XBP1 (X-box binding protein 1) [33, 34] . Certain nanoparticles have been reported to induce ER stress, such as titanium dioxide nanoparticles (TiO 2 NPs) [35] , AgNPs [36] , and iron oxide nanoparticles [37] .
ER stress may activate autophagy [38, 39] , and the relationship between ER stress and autophagy is complex [31, 40] . Emerging evidence has indicated that ER stress regulates autophagy via mediating the transcription of autophagyrelated genes (ATG) [41] . The EIF2AK3-EIF2S1 (eukaryotic translation initiation factor 2 subunit alpha) pathway is essential for autophagy induction, and downstream ATF4 and DDIT3 have been shown to transcriptionally regulate a number of ATG genes, such as MAP1LC3B/LC3B (microtubule associated protein 1 light chain 3 beta), ATG5, ATG12, BECN1 (beclin 1), and ATG16L1 [41] . In addition, spliced XBP1 is reported to upregulate the transcription of BECN1, indicating that the ERN1-XBP1 pathway is also implicated in the activation of autophagy [42] , while the role of ER stress in SiNP-induced autophagy remains unclear as of yet.
Hence, we proposed that SiNPs stimulate ROS generation, and then induce the oxidative stress and ER stress that lead to autophagy activation, which accelerated autophagosome accumulation causing autophagy dysfunction. In this study, firstly the effects of SiNPs on autopahgy and autophagic flux were measured. Then, the activation of the 3 UPR pathways induced by SiNPs was detected. Furthermore, the effect of ER stress on SiNP-induced autophagy was evaluated. Eventually, lentiviral shRNAs were employed to deeply investigate the molecular mechanism by which SiNPs enhanced autophagosome synthesis. This work unraveled a specific mechanism through which SiNPs induce autophagosome accumulation via the activation of the EIF2AK3 and ATF6 UPR pathways in hepatocytes, which contributes to autophagy dysfunction.
Results

Characterization of SiNPs
The SiNPs were fully characterized as shown in Figure 1 . Transmission electron microscopy (TEM) images showed that all of the particles exhibited near-spherical shape and good dispersibility (Figure 1(a) ). The size distribution indicated that the average diameter of the SiNPs was approximately 58 nm (Figure 1(b) ). As depicted in Table 1 , the hydrodynamic sizes, zeta potential, and polydispersity index (PDI) of SiNPs in distilled water and serum-free media were measured by dynamic light scattering (DLS). The hydrodynamic sizes of the SiNPs remained stable over 48 h. The zeta potentials of the SiNPs at different time points were greater than (-) 30 mV. The PDI of the SiNPs suspensions was lower than 0.2. In addition, the representative hydrodynamic size and zeta potential of the SiNPs in distilled water at 24 h are shown in Figure 1(c,d) , indicating high homogeneity, monodispersity, and stability. In addition, the purity of the SiNPs was higher than 99.9%, and the limulus amebocyte lysate (LAL) assay indicated no detectable gram-negative endotoxin in the SiNP suspensions at concentrations of 0.75, 1.5, 3, 6, and 12 mg/ml (data not shown). These data demonstrated that the prepared SiNPs possessed good purity, stability, and monodispersity both in the distilled water and media.
Cellular internalization and cytotoxicity of SiNPs
Since the cellular internalization and localization of the SiNPs directly affect their biological and toxicological response, their intracellular distribution was observed using laser scanning confocal microscopy (LSCM) and TEM. LSCM images indicated that red fluorescence-labeled SiNPs were taken up by L-02 cells post 24 h-treatment. With an increase in SiNP dose, the amount of internalized SiNPs also increased (Figure 2(a) ). L-02 cells treated with SiNPs clearly manifested the prominent accumulation of electron-dense particles in the cytoplasm as well as enclosed in the vesicles. The enlarged image showes that a number of SiNPs were gathered in the lysosomes and autolysosomes (Figure 2(b) ). In addition, the cytotoxicity of the SiNPs was evaluated by CCK-8 cell counting assay. L-02 cells were treated with different doses of SiNPs (6.25, 12.5, 25, 50, and 100 μg/ml) for 12 h and 24 h, and the data showed that the SiNPs decreased the cell viability in a dose-and timedependent manner (Figure 2(c) ).
SiNPs activate autophagy and enhance autophagosome accumulation TEM, LSCM, and western blot assays were performed to confirm the effects of the SiNPs on autophagy and autophagic flux in the L-02 cells. As shown in Figure 3(a) , the subcellular organelles are morphologically normal in the untreated control cells with rare autophagic vacuoles, while there are many double-membrane autophagosomes and single-membrane autolysosomes in the SiNP-treated L-02 cells. The immunofluorescence assay combined with LSCM was performed to observe the pattern of cytoplasmic LC3B distribution. As shown in Figure 3 (b), LC3B is expressed dispersedly throughout the cytoplasm in the untreated control cells, whereas it is accumulated as specific puncta in the SiNP-treated cells. Quantitative analysis further revealed that the LC3B puncta increased in the SiNP-treated cells. The conversion of LC3B-I to LC3B-II and SQSTM1/p62 (sequestosome 1) degradation were used as the markers of autophagy activation. Western blot assay showed that the expression of LC3B-II was increased in a dose-dependent manner, while SQSTM1 degradation was not detected (Figure 3(c) ). Generally, SQSTM1 is degraded in a normal complete autophagic process, while no obvious change in SQSTM1 degradation in L-02 cells implies that SiNPs might block the autophagic flux and inhibit the degradation of autophagosomes.
To further confirm the cause of autophagosome accumulation induced by the SiNPs, the expression of LC3B-II and SQSTM1 was measured in the absence or presence of Bafilomycin A1 (BafA1), a specific inhibitor of vacuolar-type H + -ATPase (VATPase), which inhibits the fusions of autophagosomes with lysosomes [43] . With the BafA1 treatment, the LC3B-II accumulation further increased in the 12.5 and 25 μg/ml SiNP-treated groups, while there was no more LC3B-II accumulation in the 50 μg/ml SiNP-treated group in the presence of the BafA1, implying that autophagic flux was blocked (Figure 3(d) ). The results indicating a higher level of LC3-II in the SiNP-treated groups than the control group with BafA1 treatment suggest that the SiNPs induced autophagy as well. Therefore, SiNPs cause autophagy dysfunction through a combination of both autophagy induction and autophagic flux blockage.
SiNPs induce ER stress via activating the EIF2AK3 and ATF6 pathways but not the ERN1-XBP1 pathway ER stress is a sensitive cellular response that regulates autophagy through complicated mechanisms [44] . To explore whether SiNPs induced autophagy through ER stress activation, we first investigated the effects of SiNP exposure on ER stress. The LSCM images show that the red fluorescencelabeled SiNPs colocalized with ER-Tracker Green probes, indicating that the SiNPs accumulated in the ER lumen (Figure 4(a) ). Moreover, TEM observation indicated that the rough ER was intact, with a number of ribosomes attached in the untreated control cells, while degranulation of rough ER occurred in SiNP-treated cells (Figure 4(b) ). Then, we evaluated whether the SiNPs activated ER stress via the EIF2AK3, ATF6, and/or ERN1-XBP1 pathways. Upon ER stress, HSPA5 (heat shock protein family A [Hsp70] member 5) was released to the cytoplasm and its expression was upregulated. The results showed that the SiNPs increased the expression of HSPA5 compared with the untreated control group (Figure 4(c) ). Moreover, higher levels of EIF2AK3 and EIF2S1 phosphorylation were observed in the SiNP-treated groups than that in the untreated control group. Subsequently, the phosphorylated EIF2AK3 and EIF2S1 upregulated ATF4 and DDIT3 expression in the SiNP-treated groups. In response to ER stress, ATF6 is translocated from the ER to Golgi apparatus and cleaved, releasing the active N-terminal 50 kDa ATF6. The western blot data in Figure 4 (c) indicates that the SiNPs enhance the degradation of 90-kDa ATF6 precursors and increase the level of 50-kDa cleavage fragments, along with DDIT3 upregulation. These results indicated that the SiNPs activated the ATF6 pathway. Subsequently, reverse transcription-polymerase chain reaction (RT-PCR) and PstI digestion assays were conducted to determine whether the ERN1-XBP1 pathway was activated. Upon ERN1 activation, XBP1 mRNA was spliced and a 26-base pair (bp) fragment was cleaved, leading to the loss of the PstI restriction site (Figure 4(d) ). Therefore, the 416-bp RT-PCR products from the Tg-treated positive control group were resistant to PstI digestion, whereas the products from the SiNP-treated and control groups were able to be digested by PstI, generating a 295-bp and 147-bp band, respectively, suggesting inactivation of the ERN1-XBP1 pathway. These data indicated that the SiNPs induced ER stress through the activation of the EIF2AK3 and ATF6 pathways but not the ERN1-XBP1 pathway.
SiNPs induce autophagy through the activation of ER stress
To verify whether SiNPs induced autophagy through ER stress, we speculated that the inhibition of ER stress would suppress SiNP-induced autophagy. First, the ER stress inhibitor 4-phenylbutyrate (4-PBA) was used to inhibit the SiNP-induced ER stress. The results in Figure 5 (a) show that 4-PBA treatment decreased the expression of HSPA5, ATF4, and DDIT3 in the SiNP-treated and Tg-treated groups. In addition, 4-PBA treatment also inhibited the upregulation of LC3B-II induced by SiNPs, indicating that the autophagy induction was suppressed ( Figure 5(b) ). Furthermore, punctate LC3B and quantitative analysis revealed that 4-PBA treatment decreased the number of LC3B puncta in the SiNP-treated cells and Tg-treated cells ( Figure 5(c) ). Thus, the inhibition of ER stress by 4-PBA treatment suppressed SiNP-induced autophagy, suggesting that SiNPs induce autophagy via activating ER stress.
SiNP-induced autophagy is mediated by the EIF2AK3 and ATF6 UPR pathways
To further investigate the specific mechanism by which SiNPs induced autophagy via ER stress, EIF2AK3 and ATF6 were knocked down using lentiviral-based shRNA in L-02 cells.
The knockdown efficiency varied between 80% and 90% ( Figure 6(a,b) ). Next, we investigated the consequence of EIF2AK3 and ATF6 knockdown on the EIF2AK3 and ATF6 pathways. As shown in Figure 6 (a), EIF2AK3 knockdown decreased EIF2AK3 and EIF2S1 phosphorylation and decreased ATF4 and DDIT3 expression in the SiNP-treated group. Similarly, ATF6 knockdown decreased the DDIT3 expression in the SiNP-treated group (Figure 6(b) ). Meanwhile, we studied the effects of EIF2AK3 and ATF6 knockdown on SiNP-induced autophagy. Western blot assay revealed that the knockdown of EIF2AK3 or ATF6 reversed SiNP-induced augmentation of LC3B-II (Figure 6(a,b) ). Quantitative analysis of punctate LC3B further revealed that the knockdown of EIF2AK3 or ATF6 decreased the number of LC3B puncta in the SiNP-treated group (Figure 6(c) ). These data indicated thatSiNPs induced autophagy via activating the EIF2AK3 and ATF6 UPR pathways.
SiNPs enhance autophagosome synthesis via LC3B and ATG12 transcriptional upregulation modulated by ATF4 and DDIT3
The above intriguing results encouraged us to further explore the distinct mechanisms of SiNP-induced autophagy. The formation of autophagosomes is mediated by 2 ubiquitin-like protein conjugation systems, including phosphatidylethanolamine (PE)-conjugated LC3B (LC3B-II) and ATG12-ATG5-ATG16L1 complexes. Therefore, 2 key molecules LC3B and ATG12 were detected by western blot, and the data showed that the SiNPs upregulated LC3B-II expression but decreased ATG12 and ATG5 expression (Figure 7(a) ). Moreover, in the SiNP-treated groups, ATF4 knockdown further inhibited the expression of LC3B-II, ATG12, and ATG5 to a lower level than control shRNA did. Meanwhile, there was no obvious change of ATG12 and ATG5 expression in the control group with or without ATF4 shRNA treatment. Similarly, DDIT3 knockdown also decreased LC3B-II expression in the SiNP-treated cells (Figure 7(b) ). Verification was further performed using immunofluorescence and the LSCM assay. The LSCM images showed that knocking down ATF4 and DDIT3 decreased the LC3B puncta numbers in the SiNP-treated cells (Figure 7(c) ). Furthermore, real-time PCR showed that the SiNPs increased the expression of LC3B and ATG12 mRNA, while the knockdown of ATF4 and DDIT3 decreased their expression accordingly ( Figure 7(d) ). Therefore, we concluded that the SiNPs enhanced autophagosome synthesis via LC3B and ATG12 transcriptional upregulation modulated by ATF4 and DDIT3.
Discussion
Autophagy dysfunction is considered to be a potential toxic effect of nanoparticles that results in cytotoxicity, inflammation, cell death, and even diseases [1, [12] [13] [14] . Recent studies have determined there are various mechanisms involved in nanoparticle-induced autophagy, including the induction of autophagy initiation, the increase of autophagosome synthesis, the inhibition of autophagic flux, and blockage of autophagosome degradation [45] . Autophagy dysfunction is caused by extensive autophagosome accumulation. Our previous , and 50 μg/ml of SiNPs for 24 h. Thereafter, the cells were harvested and RT-PCR was performed using XBP1-specific primers, and the PCR products were digested by PstI. The unsplicedXBP1 products were digested into 295-bp and 147-bp fragments in both the control andSiNP-treated groups, while the 416-bp spliced XBP1 products could not be digested by PstI in the positive thapsigargin (Tg)-treated group. XBP1(u): unspliced XBP1; XBP1(s): spliced XBP1. ACTB was used as the loading control.
studies have indicated that SiNPs induced autophagy dysfunction [5, 20, 21] , but the specific underlying mechanisms remained unclear. In the present study, we focused on investigating the mechanisms by which SiNPs enhanced autophagosome synthesis to make clear the cause of consequent autophagy dysfunction.
First, we verified the effect of the SiNPs on autophagy and autophagic flux in the L-02 cells using TEM, LSCM, and western blot assays. The results showed that the SiNPs activated autophagy and enhanced autophagosome formation, while the autophagic flux was blocked (Figure 3(d) ). Based on these crucial phenomena, we further investigated the related mechanisms. The internalized SiNPs induced a large amount of ROS generation (as indicated in Fig.S1 ), which damaged the ultrastructures and normal functions of organelles, such as the ER, which is a complex organelle in which protein synthesis, folding, maturation, and transport take place. ER homeostasis is very sensitive to several stimuli, including metabolic disturbances, inflammation, and oxidative stress. Once ER homeostasis is disturbed, ER stress is provoked. Thereafter, the cells were harvested and western blot was performed using the indicated antibodies. Blots are representative of 3 independent experiments. ACTB was used as the sample loading control. The densitometric EIF2AK3(p-Thr980):ACTB, ATF4:ACTB, DDIT3:ACTB, and LC3B-II:ACTB ratios from at least 3 independent experiments are shown in (a). The densitometric DDIT3:ACTB and LC3B-II:ACTB ratios from at least independent experiments are shown in (b). The value of the control cells with control shRNA was set at 1 for each experiment (*, p < 0.05; N.S., not significant). (c) The LC3B distribution patterns in (a, b) cells were analyzed using indirect immunofluorescence with anti-LC3B antibodies and imaged by LSCM. LC3B (green) and DAPI staining of the nuclei (blue) are shown. Scale bar: 25 μm. The number of punctate LC3B per cell in the untreated control and SiNP-treated cells is shown. Data are expressed as mean ± SD. ··· p · 0.05 versus the control. Then, we evaluated the effects of SiNPs on ER stress. We observed that the SiNPs localized in the ER lumen and caused the degranulation of rough ER. Moreover, we found that the SiNPs selectively activated ER stress via activating the EIF2AK3 and ATF6 pathways but not the ERN1-XBP1pathway. Our results are partially in line with a recent report, which also showed that SiNPs localized in the ER and induced ER autophagy in human colon cancer cells [19] . Another report showed that SiNPs activated ER stress via HSPA5 upregulation and XBP1 splicing [42] , while our results indicated that SiNPs not only enhanced HSPA5 expression but also activated the EIF2AK3 and ATF6 pathways. What is different is that our results proposed that SiNPs did not activate the ERN1-XBP1 pathway. Such conflicting data might be attributed to the different types of SiNPs and cell models used. Our group treated L-02 cells with colloidal SiNPs prepared by the Stöber method, and another laboratory treated Huh7 cells with fumed SiNPs [42] . Due to the potential role of ROS in SiNP-induced biological responses, we conducted a supplemental experiment to confirm that SiNPs induced ER stress and that autophagy was mediated by stimulating ROS generation (data are shown in Fig. S1 ).
Thereafter, inhibition of UPR using the ER stress inhibitor 4-PBA in SiNP-treated cells decreased the conversion of LC3B-I to LC3B-II, suggesting that SiNPs induced autophagy via ER stress activation. In addition, we have demonstrated that SiNPs induced autophagy via activating the EIF2AK3 and ATF6 pathways. However, the autophagy was not fully inhibited by EIF2AK3 and ATF6 knockdown, indicating that other signaling pathways independent of ER stress might be involved in SiNP-induced autophagy. For example, SiNPinduced ROS could activate MAPK (mitogen-activated protein kinase) following the inhibition of the MTOR (mechanistic target of rapamycin kinase) pathway, resulting in autophagy activation [46] . Furthermore, we attempted to explore how ER stress and UPR activated SiNP-induced autophagy. In the present study, the results indicated that SiNPs increased the expression of ATF4 and DDIT3 in the EIF2AK3 and ATF6 pathways, respectively. ATF4 and DDIT3 could transcriptionally regulate certain ATGs involved in autophagosome formation and maturation [41] . Our data verified that SiNPs upregulated the mRNA levels of LC3B and ATG12. These 2 genes belong to 2 ubiquitin-like conjugation systems, respectively, the ATG12 and the ATG8/LC3B systems, which directly contribute to the elongation of phagophores and the maturation of autophagosomes [47] . Moreover, ATF4 and DDIT3 knockdown in SiNP-treated cells suppressed the mRNA expression of LC3B and ATG12, while at the protein level, the SiNPs only increased LC3B-II expression and unexpectedly decreased the expression of ATG12 and ATG5. However, when knocking down ATF4, the protein levels of LC3B-II, ATG12, and ATG5 in the SiNP-treated groups were totally decreased; the protein level of LC3B-II was also reduced with DDIT3 knockdown treatment in the SiNP-treated groups. Although the expression of ATG12 and ATG5 were decreased by the SiNPs at the protein level, these data still indicate that the SiNPs did upregulate the transcription of LC3B and ATG12. Therefore, the SiNPs eventually increased autophagosome synthesis via EIF2AK3-ATF4-and ATF6-DDIT3-mediated LC3B and ATG12 transcriptional upregulation. The reason why SiNPs suppressed the protein levels of ATG12 and ATG5 might be through other mechanisms, such as the proteasome system, post-transcriptional inhibition, and epigenetic regulation [48, 49] .
Most evidence about autophagy dysfunction has focused on the termination stage of autophagic flux. For example, several nanoparticles, including AgNPs, raphene oxide quantum dots, and polymeric nanoparticles, suppresse the degradation of autophagosomes via lysosomal impairment [9, 50, 51] . In addition, Stern et al. reported that nanoparticles could disrupt the cytoskeleton and prevent lysosomal trafficking, leading to autophagic flux blockage. 1 Moreover, a recent study indicated that upconversion nanoparticles (UCNs) induce autolysosomal membrane turnover anomalies leading to abnormal autophagy [52] . However, the contributions of autophagy initiation and autophagosome synthesis to autophagy dysfunction are rarely investigated. The current study reveals that the SiNPs enhanced autophagosome synthesis via LC3B and ATG12 transcriptional upregulation modulated by the EIF2AK3 and ATF6 UPR pathways. The increase of autophagosome formation accelerated the intracellular autophagosome accumulation, aggravating the autophagy dysfunction induced by SiNPs. The findings in this study provide a new view of the mechanisms of SiNP-induced autophagy dysfunction, which is beneficial to investigating their toxic effects.
Conclusion
The internalized SiNPs stimulated ROS generation, which in turn induced ER stress and UPR via activating the EIF2AK3 and ATF6 pathways but not the ERN1-XBP1 pathway. In the EIF2AK3 pathway, SiNPs activated the phosphorylation of EIF2AK3 and EIF2S1, upregulating the expression of downstream ATF4. In the ATF6 pathway, ATF6 is cleaved to release an active form (50 kDa), which leads to the upregulation of DDIT3. Meanwhile, SiNPs did not induce the splicing of XBP1 in the ERN1-XBP1 pathway. After that, ATF4 and DDIT3 were translocated to the nucleus and acted as transcriptional factors that positively modulated the transcriptional expressions of LC3B and ATG12. Moreover, not only was the expression of LC3B upregulated, but the conversion of LC3B-I to LC3B-II was also promoted by the covalent binding of ATG12 to ATG5, which contributed to autophagosome formation. In our previous study, we showed that the internalized SiNPs impaired the lysosomes and inhibited the degradation of the autophagosomes [5] . Therefore, the SiNPs accelerated autophagosome accumulation and aggravated autophagy dysfunction (Figure 8) . This work provides a novel view of the mechanisms underlying SiNPinduced autophagy dysfunction and it facilitates our understanding of toxic mechanisms of SiNPs.
Materials and methods
Chemicals and antibodies
Bafilomycin A 1 (BafA1, B1793), thapsigargin (Tg, T9033), 4-phenylbutyric acid (4-PBA, P21005), polyethylenimine (PEI, 408,727), and polybrene (107,689) were purchased from SigmaAldrich. All of the regents were stored at -20°C in single-use aliquots. Rabbit anti-LC3B (L7543), rabbit anti-SQSTM1 (P0067), and mouse anti-ACTB (A5441) antibodies were purchased from Sigma-Aldrich. Antibodies against HSPA5 (3177), EIF2AK3 (3192), phospho-EIF2AK3 (p-Thr980;3179), EIF2S1 (2103), phospho-EIF2S1(p-Ser51;3398), DDIT3 (2895), ATG12 (4180), and ATG5 (12,994) were purchased from Cell Signaling Technology. Antibodies against ATF4 (sc-22,800), ATF6 (sc-22,799), and goat anti-rabbit IgG-FITC (sc-2012) were purchased from Santa Cruz Biotechnology. Goat anti-mouse IgG IRDye 680RD (926-68,070) and goat anti-rabbit IgG IRDye 800CW (926-32,211) antibodies were obtained from Li-Cor Biosciences.
Preparation and characterization of SiNPs
The silica nanoparticles (SiNPs) were prepared using the Stöber method and fully characterized as previously described [53] . First, 2.5 ml of tetraethylorthosilicate (TEOS; Fluorochem, S15425) was added drop-wise into 50 ml of premixed ethanol solution containing 4 ml of ammonia and 2 ml of water. Then, the reaction system was stirred at 150 revolutions per minute continuously at 40°C for 12 h. At last, the SiNP precipitates were collected by centrifugation at 17,418 x g for 15 min and they were washed 3 times with deionized water. The precipitates were redispersed in 50 ml of deionized water for further use. The size and shape of the SiNPs were characterized by TEM (JEOL JEM-2100, Akishima-shi, Japan). The particle size was calculated from random fields of TEM images that show the general morphology. A total of 500 particles were randomly counted and measured to determine the mean size, standard deviation (SD), and size distribution. The average hydrodynamic size, zeta potentials, and polydispersity index (PDI) of the SiNPs were determined by a Zetasizer (Nano-ZS90, Malvern, UK). The measurements were performed on diluted SiNPs suspensions in distilled water and serum-free Dulbecco's Modified Figure 8 . Schematic illustration of the proposed molecular mechanism by which SiNPs induce autophagosome accumulation and aggravate autophagy dysfunction. SiNPs were endocytosed into L-02 cells and stimulated ROS generation. The internalized SiNPs triggered ER stress through the activation of the EIF2AK3 and ATF6 pathways but not the ERN1-XBP1 pathway, along with the upregulation of ATF4 and DDIT3. Then, the 2 factors were translocated to the nucleus and increased the transcriptional expressions of 2 key autophagic genes LC3B and ATG12, contributing to autophagosome formation. Previous study has shown that the internalized SiNPs impaired the lysosomes and inhibited the degradation of the autophagosomes. Therefore, SiNPs induce the autophagosome accumulation and aggravate the autophagy dysfunction.
Eagle's Medium (DMEM; Corning, 10-013-CVR). The purity of the SiNPs was analyzed by inductively coupled plasmaatomic emission spectrometer (ICP-AES) (ARL, Washington D.C, USA) as described before [17] . Endotoxin in the SiNPs suspensions was detected by gel clot limulus amebocyte lysate (LAL; Zhan Jiang Bokang Marine Biological Co. LTD) assay according to the manufacturer's instruction, and the detection limit was lower than 0.125 EU/ml. The suspensions of the SiNPs were sonicated by a sonicator prior to use (160 W, 20 kHz, 5min; Bioruptor UDC-200; Diagenode, Liège, Belgium).
The red fluorescence-labeled SiNPs were prepared by a modified Stöber method as described before [54] . Briefly, 3 ml of TEOS were added to 60 ml of ethanol solution containing Ru(phen) 3 2+ (0.6 mg; Alfa Aesar, A13572), ammonia (2.4 ml), and water (1.2 ml). The reaction system was maintained at 40°C for 6 h, and then another 0.8 ml of TEOS was added and continued stirring for another 6 h. At last, the mixture was centrifuged at 12,096 x g for 15 min, the particles were collected and washed with ethanol 3 times, and they were finally dispersed in 60 ml of ethanol. The shape and size of the red fluorescence-labeled SiNPs were characterized by TEM (JEOL JEM-2100, Akishima-shi, Japan).
Cell cultures and exposure to SiNPs
The normal human hepatic cell line, L-02, was obtained from the Nanjing Keygen Biotech Cell Library (Nanjing, China). The HEK293FT cell line was purchased from Life Technologies (R70007). All the cell lines were routinely maintained in DMEM (Corning, 10-013-CVR) supplemented with 10% (v:v) fetal bovine serum (Gibco, 16,000-044), 100 U/ml penicillin, and 100 mg/ml streptomycin at 37°C under a humidified atmosphere of 5% CO 2 . Treatment with SiNPs was performed as described previously [5] . Briefly, 1 day prior to treatment, the cells in the exponential growth stage were seeded in corresponding culture dishes and were allowed to attach to the culture surface for 24 h. First, varying concentrations of the SiNPs (6.25, 12.5, 25, 50 , and 100 μg/ml) were diluted with serum-free media, and then the cell culture media were removed and replaced with the freshly prepared SiNPs diluent for different time points according to the need of the assay. Cells treated with serum-free media were used as the negative control in each assay.
Cell viability assay
The viability of the L-02 cells exposed to SiNPs was evaluated by a Cell Counting Kit-8 (CCK-8; Dojindo Molecular Technologies, CK04) according to the manufacturer's instructions. Briefly, the L-02 cells (1.2 × 10 4 cells/well) were seeded into a 96-well plate in 100 μl of DMEM and incubated at 37°C for 24 h. Then, the cells were exposed to various concentrations of SiNPs (6.25, 12.5, 25, 50 , and 100 μg/ml) with 8 biological replicates for each concentration for 12 h and 24 h. At the indicated time points, 10 μl of CCK-8 reagents were added to each well and further incubated for 2 h, and then the absorbance at 450 nm was determined using a microplate reader (Synergy HT; Bio Tek, Winooski, VT, USA).
Transmission electron microscopy
TEM assay is recommended as the only tool that reveals the morphology of autophagic structures in their nature environment and position [55] . It was performed to detect the cellular internalization of the SiNPs and observe the ultrastructures of the autophagosomes and ER. For analysis, the L-02 cells were exposed to 25 μg/ml of SiNPs for 24 h. Then, cells were washed 3 times with phosphatebuffered saline (PBS, pH 7.4; ZSGB-BIO, ZLI-9061) to remove the excess SiNPs present on the surface of the cells, and they were harvested by centrifugation at 453 x g for 10 min. Then, cell pellets were fixed in 2.5% glutaraldehyde (in 0.1 M PBS) for 3 h at 4°C, washed 3 times with 0.1 M PBS (453 x g, 5 min), embedded in 2% agarose gel, postfixed in 4% osmium tetroxide solution (SigmaAldrich, 251,755) for 1 h, washed with distilled water, stained with 0.5% uranyl acetate (SPI, 02624-AB) for 1 h, dehydrated in a graded series of ethanol (30%, 60%, 70%, 90%, and 100%), and finally embedded in epoxy resin (Sigma-Aldrich, 45,347). The resin was polymerized at 60°C for 48 h. Then, ultrathin sections were cut using an ultramicrotome and stained with 5% aqueous uranyl acetate and 2% aqueous lead citrate, air dried, and imaged with TEM.
Laser scanning confocal microscopy
For autophagosome analysis, 3 × 10 5 L-02 cells were seeded in each confocal dish. After incubating for 24 h, the cells were treated with 25 μg/ml of SiNPs for another 24 h. Then, the cells were fixed with 4% paraformaldehyde (SigmaAldrich, 16,005), permeabilized with 0.5% Triton X-100 (Sigma-Aldrich, T8787) in PBS for 30 min, and blocked with 5% BSA (Sigma-Aldrich, A7906) for 1 h. After that, the cells were incubated with LC3B antibody (1:100 dilution in 5% BSA) at 4°C overnight, and then secondary FITCconjugated anti-rabbit antibodies (1:50 dilution in 5% BSA) were added followed by incubation with 300 nM 4ʹ,6-diamidino-2-phenylindole (DAPI; Life Technologies, D1306) for nuclear staining. For SiNPs internalization assay, the L-02 cells with red fluorescence-labeled SiNPs treatment were fixed and permeabilized as described above. Then add 200 μl of 100 nMActi-stain™488 phalloidin (Cytoskeleton, PHDG1) and incubated at room temperature in the dark for 30 min. After that, cells were washed with PBS 3 times and the nucleus was counterstained for 10 min with 200 μl of 300 nM DAPI for 10 min. To analyze the location of the SiNPs in the ER, the cells were treated with 50 μg/ml of red fluorescence-labeled SiNPs for another 24 h. Then, the living cells were stained with 1 μM of ER-Tracker Green probes (KeyGen Biotech, KGMP016) according to the manufacturer's protocol at 37°C for 30 min. After washing with PBS 3 times, the cells were stained with 20 ng/ml of Hoechst33342 (Sigma-Aldrich, 14,533) at 37°C for another 30 min. Finally, the cells were washed 3 times with PBS and images were analyzed using a TCS SP8 LSCM (Leica Microsystems CMS GmbH, Mannheim, Germany).
SDS-PAGE and western blot
Total cellular protein lysates were prepared by lysing cells in RIPA lysis buffer (Beyotime, P0013C) with a protease inhibitor cocktail (Roche, 04693132001) and a phosphatase inhibitor cocktail (Roche, 04906845001). The total protein concentration was determined using a BCA protein assay kit (DingGuoBioTECH, BCA01). Equal amounts of total proteins were separated with SDS-PAGE (8%) for EIF2AK3, and phospho-EIF2AK3 (pThr980) detection, 10% gels for SQSTM1, HSPA5, EIF2S1, phospho-EIF2S1 (p-Ser51), ATF6, ATF4, DDIT3, ATG12, and ATG5 detection, and 15% gels for LC3B detection. ACTB was used as the protein loading control. After SDS-PAGE, the proteins on the gels were transferred to BioTrace nitrocellulose membranes (Pall, 66,485), blocked with 5% skim milk in Tris-buffered saline (TBS, pH7.4; 20 mM Tris-HCl, 150 mM NaCl), and then incubated with different primary antibodies overnight at 4°C. The next day, the membranes were incubated with IRDye-labeled goat antimouse or goat anti-rabbit IgG at room temperature for 1 h. Finally, the protein bands were scanned using the Li-COR Odyssey system (LI-COR Biosciences, Lincoln, NE, USA). At least 3 independent experiments were performed and a representative result was shown. For the grayscale analysis, photodensitometric data from the protein bands were analyzed and quantified with Odyssey Infrared Imaging software.
Lentiviral shrna generation and transduction
The method of packaging lentiviral shRNA was described previously [56] . Briefly, 3 × 10 6 HEK293FT cells were seeded in each 10-cm dish in complete DMEM medium without penicillin and streptomycin. After 24 h, the cells in each 10-cm dish were transfected with 6 μg pCMVΔ8.74, 3 μg shRNA, or 1 μg pCMV-VSVG using 1 ml of fetal bovine serum-free medium containing 30 μl PEI (1 mg/ml). At 10 h post-transfection, the medium was removed and replaced with 10 ml of fresh medium. After 48 h, the lentiviral supernatants were collected by centrifuging at 2,000 x g for 10 min at 4°C and then filtered through a 0.45-μm membrane. The titer of lentiviral shRNA was measured using a Lenti-X p24 rapid titer kit (Clontech, 632,200) according to the manufacturer's instructions and stored at -80°C as aliquots. For the experiment, lentiviral shRNA was added to the L-02 cells (multiplicity of infection [MOI] = 1) in the presence of polybrene (4 μg/ml). After 3 h, the virus-containing medium was removed and replaced with fresh medium. After 48 h, the cells were exposed to 25 μg/ml of SiNPs for an additional 24 h, then the cells were harvested and analyzed using the indicated assays at 72 h posttransduction. Specific shRNA clones were selected according to the target knockdown efficiency. The following shRNA clones were used in this study: EIF2AK3 (Sigma-Aldrich, TRCN0000001401), ATF6 (Sigma-Aldrich, TRCN0000017855), ATF4 (Sigma-Aldrich, TRCN0000013573), DDIT3 (SigmaAldrich, TRCN0000364393), and control shRNA (SigmaAldrich, SHC010).
Quantitative real-time PCR
Total cellular RNA was extracted using TRIzol reagent (Life Technologies, 15,596-018) according to the manufacturer's protocol. There was 1 μg of total RNA that was reverse-transcribed in a 20-μl volume using Reverse Transcription System (Promega, A3500). All of the cDNA samples were used immediately or stored at -80°C until further use. PCR and PstI digestion assays were performed to detect the XBP1 splicing status, and the following primers were used:
XBP1 sense: 5ʹ-CCTTGTAGTTGAGAACCAGG-3ʹ, XBP1 antisense: 5ʹ-GGGGCTTGGTATATATGTGG-3ʹ; and ACTB sense: 5ʹ-ATCTGGCACCACACCTTCTACAATGA G-3ʹ, ACTB antisense: 5ʹ-CGTCATACTCCTGCTTGCTG ATCC-3ʹ.
The PCR products were digested by PstI, and then separated on 2% agarose gel. ACTB was used as an internal control.
For the quantitative real-time PCR assay to detect the mRNA expression of LC3B and ATG12, 1 μl of cDNA was used in a 20-μl real-time PCR system with Power SYBR Green PCR Master Mix (Life Technologies, 4,367,659). Each experiment was performed in triplicate. Primers for the qPCR reactions were as follows:
LC3B sense: 5ʹ-AAGGCGCTTACAGCTCAATG-3ʹ, LC3B antisense: 5ʹ-CTGGGAGGCATAGACCATGT-3ʹ; ATG12 sense: 5ʹ-TAGAGCGAACACGAACCATCC-3ʹ, ATG12 antisense: 5ʹ-CACTGCCAAAACACTCATAG AGA-3ʹ; GAPDH sense: 5ʹ-TGTTGCCATCAATGACCCCTT-3ʹ, GAPDH antisense: 5ʹ-CTCCACGACGTACTCAGCG-3ʹ.
The PCR reaction was conducted in a 7900HT Fast RealTime PCR machine (Life Technologies, Grand Island, NY, USA) and data were analyzed using RQ manager software.
Statistical analysis
All of the data are presented as mean ± SD. All of the experiments were repeated at least 3 times. One-way analysis of variance (ANOVA),Dunnett and Tukey post-hoc tests, and 2-way ANOVA were used to analyze the data in the corresponding experiments. The statistical significance was set at p < 0.05. 
